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Abstract: Grass pea (Lathyrus sativus L.) is an important legume crop grown mainly in South
Asia and Sub-Saharan Africa. This underutilized legume can withstand harsh environmental
conditions including drought and flooding. During drought-induced famines, this protein-rich
legume serves as a food source for poor farmers when other crops fail under harsh environmental
conditions; however, its use is limited because of the presence of an endogenous neurotoxic
nonprotein amino acid β-N-oxalyl-L-α,β-diaminopropionic acid (β-ODAP). Long-term consumption
of Lathyrus and β-ODAP is linked to lathyrism, which is a degenerative motor neuron syndrome.
Pharmacological studies indicate that nutritional deficiencies in methionine and cysteine may
aggravate the neurotoxicity of β-ODAP. The biosynthetic pathway leading to the production of
β-ODAP is poorly understood, but is linked to sulfur metabolism. To date, only a limited number of
studies have been conducted in grass pea on the sulfur assimilatory enzymes and how these enzymes
regulate the biosynthesis of β-ODAP. Here, we review the current knowledge on the role of sulfur
metabolism in grass pea and its contribution to β-ODAP biosynthesis. Unraveling the fundamental
steps and regulation of β-ODAP biosynthesis in grass pea will be vital for the development of
improved varieties of this underutilized legume.
Keywords: β-cyanoalanine synthase; β-ODAP; Lathyrus sativus; nitrogen; sulfur

1. Introduction
The genus Lathyrus includes about 187 species and occurs both in the Old World and the New
World [1]. The members of this genus are resistant to biotic and abiotic stress such as insects and pests,
drought, water logging, salinity, and low soil fertility [1–4]. They produce attractive blue, pink, red,
and white colored flowers as well as flowers with assorted combinations of these colors (Figure 1A,B).
Some species, such as L. odoratus, are grown for their ornamental value. Among them, grass pea
(L. sativus L.) is widely cultivated as an edible and forage crop in North Africa, Near East, western
Asia, and the Indian subcontinent [1,3,4]. The deep penetrating root systems of Lathyrus species
enables them to thrive in drought conditions. Additionally, they form a symbiotic association with soil
rhizobia, which allows for fixation of atmospheric nitrogen. Biological nitrogen fixation, in addition
to minimizing the use of fertilizers, also positively impacts the soil nitrogen balance. Grass pea is
notable for its high protein content and its seeds are an inexpensive source of highly nutritious and
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Figure 1. Lathyrus sativus (grass pea), an annual legume cultivated in arid and semiarid areas, has
Figure 1. Lathyrus sativus (grass pea), an annual legume cultivated in arid and semiarid areas, has
attractive flowers (A,B) and yields nutritious seeds (C). The seeds are a rich source of protein and
attractive flowers (A,B) and yields nutritious seeds (C). The seeds are a rich source of protein and
starch (D).
starch (D).
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2. Role of β-ODAP in Plants
The occurrence of β-ODAP has been reported in 21 Lathyrus species, 17 Acacia species, 13 Crotalaria
species [23], and several other non-legume plant species [24–27]. Generally, β-ODAP in plants is
hypothesized to function as a carrier molecule for zinc ions [28], a scavenger for hydroxyl ions [29],
and as a protector of photosynthesis at high light intensity [30]. Some studies suggest that β-ODAP
also plays a role in drought tolerance and in resistance to oxidative stress [31,32]. Currently, our
knowledge on the biological role of this important metabolite is far from complete. Until we have a
better understanding of the role of β-ODAP in plants, the goal of its complete elimination in grass pea
should be approached with caution.
3. Genetic Studies of L. sativus Breeding
Developing improved varieties of L. sativus with lowered β-ODAP content has been a goal of
plant breeders. Evaluation of grass pea germplasm reveals a wide range (0.02%–2.59% of seed weight)
of β-ODAP content [3]; however, no β-ODAP-free lines have been identified in either grass pea
germplasm or wild Lathyrus species [3,33,34]. Evaluation of 1082 accessions of grass pea identified
four lines with low ODAP content ranging from 0.007%–0.02% of seed weight [3].
Interestingly, grass pea lines with low ODAP content were compromised in many agronomic
traits, which suggests that ODAP may play a role in plant growth and development [3,35]. Through
conventional hybridization, mutant breeding, and somaclonal variation several low β-ODAP lines
have been released in India and Ethiopia [3]. Multi-location yield trials show that these improved
lines also maintained high yield. For example, one of the L. sativus lines developed by ICARDA
(International Center for Agricultural Research in the Dry Areas) yielded 1.67 ton·ha−1 and had low
ODAP content of 0.08% of seed weight [3]. β-ODAP content is affected by genotype and external
environment factors, such as water stress, salinity, drought, and exposure to heavy metals [3,36–39].
Even grass pea cultivars with low β-ODAP content showed considerable variability when these
cultivars were grown under different environmental conditions [3].
Currently, the number of genes controlling β-ODAP content and the enzymes responsible for the
biosynthesis of β-ODAP is not precisely known. To date, the genetics of β-ODAP content has received
only limited attention. Tripathy et al. [38] studied the genetics of β-ODAP content by crossing different
L. sativus varieties with different β-ODAP levels. They found significant difference among parents and
crosses for mean β-ODAP content and concluded that there were more than two genes or loci involved
in the biosynthesis of β-ODAP in seeds [38]; however, the key genes involved in the metabolism of
β-ODAP remain to be identified [39].
4. β-ODAP Biosynthesis in Grass Pea
The enzymatic pathway of β-ODAP biosynthesis is not fully understood [40,41]. It is
believed that its synthesis begins with formation of β-(isoxazolin-5-on-2-yl)alanine from reaction
of O-acetylserine and isoxazolin-5-one (Figure 2). Early studies suggest that β-cyanoalanine
synthase (CAS) uses isoxazolin-5-one as an alternative nucleophile in the reaction [40,41]. Next,
β-(isoxazolin-5-on-2-yl)alanine (BIA) is proposed to be converted to the short-lived intermediate
2,3,-L-diaminopropanoic acid, which is subsequently oxalylized by oxalyl-coenzyme A to form
β-ODAP [42–45]. Although high concentrations of β-(isoxazolin-5-on-2-yl)alanine have been reported
in the seedlings of grass pea, garden pea, and lentil, the occurrence of 2,3-L-diaminopropanoic acid has
not been verified [21].
Production of isoxazolin-5-one is essential for β-ODAP synthesis and appears linked to the normal
metabolic activities of cysteine synthase (CS; also known as either O-acetylserine sulfhydrylase or
O-acetylserine(thiol)lyase) and CAS [46,47]. In cysteine biosynthesis, CS catalyzes cysteine formation
from O-acetylserine and hydrogen sulfide. Cysteine is then used as a substrate for CAS in the
detoxification of cyanide in plants [48]. Subsequent conversion of β-cyanoalanine to asparagine
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6. Cysteine Synthase (CS) and β-Cyanoalanine Synthase (CAS) in L. sativus
CS is a key regulatory enzyme involved in cysteine biosynthesis in plants. Cysteine biosynthesis
involves the acetylation of serine by acetyl-CoA generating OAS, a step catalyzed by serine
acetyltransferase (SAT). CSase catalyzes the next step, which involves the β-replacement of the acetyl
group of O-acetylserine with sulfide, resulting in the production of cysteine and sulfide (Figure 2).
This reaction parallels CAS, which synthesizes β-cyanoalanine from cyanide and cysteine. In all
plant species that have been examined so far, a small multigene family encodes CS, CAS, and related
enzymes. For example, in Arabidopsis, there are nine BSAS genes that encode multiple CS and CAS
isoforms [56]. In grass pea, five BSAS isozymes (I–V) were detected by native-polyacrylamide gel
electrophoresis [55]. Based on enzyme activity it was suggested that isozyme I was CAS, while the
others (II–V) were classified as CS. The temporal and tissue-specific accumulation of these isozymes
was also investigated. The electrophoretic band corresponding to isozyme I (CAS) was detected in the
cotyledons from two-day-old seedlings with protein content increasing during seed germination in
different tissues. The maximum accumulation was detected in the taproots of four-day-old seedlings.
The content of CAS decreased in most tissues of eight-day-old seedlings. This temporal variation
of CAS protein matches the accumulation pattern of β-ODAP during grass pea seed germination.
The highest level of β-ODAP accumulation occurred in young six-day old seedlings followed by a
drastic decrease in older seedlings [10].
Recent work from the T-DNA insertion mutants of the mitochondrial β-cyanoalanine synthase
(CAS-C1) showed that CAS is essential for root hair development in Arabidopsis [57,58]. If CAS plays
a similar role in grass pea, then changes in CAS might affect the formation of root nodules [16].
Interestingly, it was reported that the five-day-old seedlings of L. sativus inoculated with Rhizobium
contained lower levels of β-ODAP than the controls, and that nitrogen deficiency caused the highest
accumulation of β-ODAP in the seedlings [10,32]. Studies have shown that CS plays an important
role in linking sulfur and nitrogen assimilatory pathways and regulating the flux between these two
pathways [59,60]. Takahashi and Saito (1996) [60] reported a five-fold increase in mRNA level of CysC
(a mitochondrial isoform of CS in spinach) under either nitrogen deficient or both nitrogen and sulfur
deficient conditions. The authors suggested that this might be due to a requirement for detoxification
of excess amounts of sulfide, presumably released by the breakdown of sulfur-containing storage
compounds [60].
Published data suggest that β-ODAP is synthesized in mitochondria and chloroplasts [46,47].
Interestingly, the same organelles also play an important role in cysteine biosynthesis [61,62]. It was
reported that increased expression of genes encoding CS could result from elevated thiol levels.
In plants, a key biochemical control feature of sulfur metabolism involves the association of CS with
serine acetyltransferase (SAT), resulting in the formation of cysteine regulatory complex (CRC) [63].
The CRC acts as a sensor to coordinate plant sulfur metabolism and control cysteine production in
plants [56,63–66]. In spite of the importance of sulfur metabolism in cysteine and β-ODAP production in
grass pea, we know very little about the proteins involved in their biosynthesis. Manipulation of critical
enzymes related to the sulfur assimilation pathway is thought to be the most promising approach for
increasing the content of sulfur amino acids [67]. Given the importance of sulfur metabolism in the
biosynthesis of β-ODAP, a complete understanding of the role of key sulfur assimilatory enzymes that
regulate the biosynthesis of β-ODAP is essential.
7. β-Cyanoalanine Synthase (CAS) and Cyanide Detoxification in L. sativus
Cyanide (CN− is a naturally occurring molecule in plants and is produced during ethylene
biosynthesis [48]. It also acts as a signaling molecule in regulating metabolic processes like seed
germination and dormancy release [68], and plays a role in resistance to biotic and abiotic stresses [69,70].
Plants can use cyanide for nitrogen transport, or nitrogen storage, or as reservoir for defense against
herbivores. Cyanide inhibits cytochrome c oxidase in the mitochondrial electron transport system and
metalloenzymes [48].
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Cyanide detoxification is mediated by mitochondrial localized CAS, which catalyzes the addition
− to cysteine and yields β-cyanoalanine [71,72]. Several reports suggest that CAS serves as a
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Understanding the function of key sulfur assimilation and metabolism enzymes in grass pea
may also contribute to efforts aimed at improving the overall sulfur amino acid content of this crop.
An important feature of cysteine biosynthesis is the formation of a protein complex between serine
acetyltransferase (SAT) and CS, which acts as a molecular sensor of intercellular sulfur conditions,
thereby regulating the cysteine biosynthesis [56,63–66,74–76]. At least three SAT and five CS genes are
found in L. sativus [56]. We have examined the protein-protein interaction between LsSAT1;1, LsSAT2;1.
and LsSAT3;1 and LsCAS Our preliminary data reveal the interaction of LsSAT2;1 and LsSAT3;1 with
LsCAS, while LsSAT1;1 did not interact. Recently, we have complemented an auxotrophic E. coli NK3
with the LsCAS gene, confirming that this gene functions in the biosynthesis of cysteine (unpublished
data). To elucidate the precise function of grass pea CAS, efforts to silence the CAS gene expression,
which may block β-ODAP synthesis, are in progress [77]. This approach may aid in the development of
improved L. sativus lines with low β-ODAP and high sulfur-containing amino acids, thereby enabling
wider cultivation of grass pea that is safer for human and animal consumption.
9. Oxidative Stress and β-ODAP Content in L. sativus
Oxidative stress is a serious imbalance between production of reactive oxygen species (ROS) and
antioxidant defenses, which determines the extent of oxidative damage in the plant [78]. Reduced
glutathione is one of the highly efficient antioxidant defense metabolites. Oxidative stress plays a
crucial factor in neurolathyrism and other neurodegenerative diseases [17,18,20,21]. The deficiency
of sulfur-containing amino acids cysteine and methionine, which can be considered as antioxidants,
would contribute to oxidative stress. Experiments using cultured cells indicate that depletion of
methionine and cysteine in medium aggravated the neurotoxicity of β-ODAP [19]. This observation
suggests that the intake of cysteine and perhaps other antioxidants could help counter the effect of
oxidative stress and aid in the prevention of neurolathyrism [19].
Mitochondrial dysfunction, which is a consequence of thiol oxidation caused by ROS (mainly
superoxide anion (O2 .− ) and hydrogen peroxide (H2 O2 ), is thought to be the primary cause of
neurolathyrism [79]. In fact, ROS play important roles in the responses of plants to biotic and
abiotic environmental stimuli, such as nutrient deficiency, drought, salinity, cadmium, and Rhizobium
infection [16]. Leaves containing high levels of β-ODAP had low levels of O2 .− and H2 O2 , while leaves
with high contents of O2 .− and H2 O2 accumulated little β-ODAP [32]. This result suggested that
ROS, especially O2 .− , may either inhibit the synthesis of β-ODAP or enhance its degradation [16,32].
Interestingly, inoculation of Rhizobium to roots of young seedlings, which improves the nitrogen
status of the plant, reduced β-ODAP contents in shoots [10] and enhanced both O2 .− and H2 O2
levels [32]. This observation suggests a link between nitrogen availability and β-ODAP accumulation.
In grass pea, the higher accumulation of β-ODAP occurred mainly in the very young seedlings
and the ripening seed [10–12]. It was hypothesized that young tissues generally contain low levels
of ROS, so the O-acetylserine may be used for the synthesis of BIA leading to the production of
β-ODAP. While in mature leaves, which generally contain high levels of ROS, OAS may mainly be
used to form cysteine [32] and subsequently glutathione, which are the key metabolites involved in
antioxidant processes when ROS levels are very high [80]. However, the concentration of different
metabolites (cysteine, glutathione ROS, and BIA) need to be quantified in these tissues to substantiate
this hypothesis. Further investigation is required to establish the relationship between ROS and
β-ODAP accumulation.
10. Role of Hydrogen Sulfide in Cysteine and β-ODAP Biosynthesis in L. sativus
Cysteine is the first committed molecule in sulfur metabolism that contains both sulfur and
nitrogen, and thus, its metabolic regulation is of utmost importance for the synthesis of a number of
essential metabolites, including β-ODAP [81]. As pointed out earlier, CAS catalyzes the conversion
of cysteine and cyanide to β-cyanoalanine and H2 S. In addition to β-CAS, two other enzymes,
L -/ D -cysteine desulfhydrase ( L -/ D -DES) and sulfite reductase (SiR) are also responsible for H2 S
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synthesis. A balance between cysteine biosynthesis and its degradation to hydrogen sulfide (H2 S) may
be of significance not only in maintaining cysteine-homeostasis, but also in regulating sulfide-status and
its possible effects on the antioxidant defense of plants experiencing stress [82]. Recent studies show
that endogenously produced H2 S may have a signaling function [83,84]. H2 S regulates a wide range of
physiological processes, including seed germination, abiotic stress tolerance, and senescence [85,86].
Furthermore, H2 S competes with ROS and NO in thiol modifications of proteins in plants [87,88]. Since
CS and CAS can regulate H2 S homeostasis, its role in the biosynthesis of β-ODAP in grass pea requires
in-depth investigation.
11. Future Studies
Considering the key role of sulfur in β-ODAP accumulation, the following aspects of research
may become particularly important in the future:










The biosynthetic pathway of β-ODAP has not yet been fully elucidated at present. A better insight
into the biochemical and molecular mechanisms for β-ODAP biosynthesis is urgently required.
The pathway leading to the conversion of asparagine to isoxazolin-5-one requires further
investigation. Elucidation of this pathway may provide an alternative route to eliminating ODAP.
A systematic comparison of CS, CAS, β-(isoxazolin-5-on-2-yl)alanine synthase (BIAS), and DES
activities of the BSAS family in Lathyrus is required. Is it really the CAS or another one of the
BSAS that is dedicated to the BIA function?
The role of protein-protein interaction in cysteine and β-ODAP biosynthesis needs
in-depth investigation.
Most modification and regulatory mechanisms in cysteine biosynthesis occur at the
post-transcriptional level. Therefore, the role of individual CS and CAS genes in cysteine and
β-ODAP biosynthesis should be assessed carefully, and the regulatory roles of the transcription
factors and other critically interacting factors should be investigated.
The development of genomic tools that will accelerate the breeding of β-ODAP-free grass pea
lines also needs to be emphasized.
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β-substitute alanine synthase
β-(isoxazolin-5-on-2-yl)alanine
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Cysteine synthase
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β-N-oxalyl-L-α,β-diaminopropionic acid
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Hydrogen peroxide
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